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ABSTRACT

We calculated electron-ion impact ionization using classical
binary-encounter collision theory. A differential cross section per unit
energy and momentum transfer is derived for two electrons scattering., We
obtain the total ionization cross section by integrating this differential
cross section over the appropriate energy and momentum transfer and the bound
electron velocity distribution. To simplify the computation, we calculated
the bound electron velocity distribution in the Thomas-Fermi approximation,
Comparison with other theoretical calculations shows that our results agree
within 50% with the best guantum approximations. Our cross sections and rate
coefficients which are sufficiently accurate for many practical applications
are expressed in computationally simple formr.



I. INTRODUCTION

Cross sections for electron-impact ionization of ions are used to
determine the non-equilibrium charge-state distribution of hot plasmas such as
encountered in fusion and astrophysics research.] To model these plasmas,
we need ionization cross sections for many highly stripped ions over a wide
range of incident electron energies. Since detailed quantum mechanical
calculations for many ionization cross sections are not available, the rate
coefficients employed in many plasma simulations are derived using semi-
empirical formulas. For example, the semi-empirical formula of Sampson and
Go1den2 for electron-impact ionization of hydrogenic ions has been applied
to compute rate coefficents for partially stripped heavy ions in

3 The Lotz Formu1a4’5 which was

laser-produced plasmas simulation.
obtained by fitting the experimental data available in 1966 is also frequently

employed in plasma modeling.

In this paper, we calculate electron-impact ionization of ions in the
classical binary-encounter approximation. The basic assumptions are: (1) the
incident electron interacts with only one target electron at a time, and (2)
the target electron is assumed to be ionized whenever its kinetic energy
becomes greater than its binding energy. We derive a classical differential
cross section per unit energy and momentum transfer for the scattering of two
electrons. The ionization cross section is then obtained by integrating this
differential cross section over the appropriate energy and momentum transfer
and the bound electron velocity distribution.

To simplify the computation we calculate the bound electron distribution
in the Thomas-Fermi approximation. Both the kinetic energy and binding energy
of a bound electron are given in terms of the Thomas-Fermi potential. This
allows us to compute electron-impact ionization cross section for any ion in
the periodic table. Using the Thomas-Fermi variable, we also express both the
cross section and rate coefficient in a scaled form which is useful for plasma
simulation.

To test our method we have compared our results to a recent Born approx-
imation ca]cu]ation6 for partially stripped nickel and gold ions and a



distorted-wave Born exchange approximation7 for Na-like Ar ion. The
comparison shows that our results are, in general, within a factor of two of
the detailed quantum mechanical calculation. However, our approach is much
simplier and also gives results which are sufficiently accurate for many
practical applications.

Our calculation does not include any contribution to the ionization cross
section due to electron-impact excitation of an inner-subshell electron to a
autoionizing state lying above the first ionization threshold. This
excitation-autoionization process is currently being investigated
theoretically and experimentally in many laboratories. For a few times
ionized ion, this indirect ionization process can enhance the cross section by
as much as a factor of 20.8 However, our results should still be applicable
for highly stripped heavy ions since for these ions the excitation -
autoionization process does not contribute significantly to the ionization
cross section.,

We have also calculated the energy distribution of secondary electron
produced by electron impact ionization using classical binary-encounter
collision approximation.

In the next section, we derive a differential cross section per unit
energy and momentum transfer for electron binary-encounter collisions, We
obtain a general formula for the case where the interaction between the
incident electron and the target electrons is not a Coulomb potential. In
Sec. III we apply this differential cross section to calculate electron-impact
ionization of partially stripped ions. Both the cross section and rate
coefficient are written in a scaled form using Thomas-Fermi variables. An

expression for the energy distribution of secondary electrons is also given.

IT. CLASSICAL BINARY-ENCOUNTER COLLISION THEORY
In this section we derive a differential cross section per unit energy

and momentum transfer for the problem of two electrons scattering. This basic
cross section is used to calculate electron-ion ionization by considering

-3-



the collision approximately as a sum of scatterings between two electrons. In
our calculation we ignore the interference effect between the electrons.

A, Differential Cross Section

To derive the differential cross section for a momentum transfer Wk and
simultaneously an energy transfer AE from the incident electron to the target
electron, we let the incident electron with velocity VZ and the target electron

initially with velocity'V] in the laboratory frame. Their velocities after the

collision will be V'Z and V'1. The center of mass velocity and relative
velocity measured in the laboratory frame are,

1
ch 7 (VZ * V1) ’ (1)
V=V, -1 , (2)
LA S : (3)
and o= . (4)

The momentum transfer in the laboratory frame is given by,
2,2 _ 2 , 2
Bk™ =m YVZ -'VZI
2,2 (5)
_myV
=S (1 -cosy)
where m = electron mass and y is the angle between the relative velocities,

YV oand V' (Fig. 1).

The energy transfer AE from the incident electron to the target
electron in the laboratory frame is,

’]z”‘VéZ -szv?

?

AE

H

-] . At
=5m v ch (cos © - cos 0')
The angles © and 0' are the azimuth angles of V] andTl2 in a fixed polar

coordinate system where'T/cm is chosen to be the 7-axis. These expressions



for momentum and energy transfers are used later to derive the differential
cross section for binary-encounter collision.

Let U(V1;V2) be the total cross section describing the scattering of two
electrons. Then, the differential cross section do(V], VZ)/d(uk)d(AE) is related
to the total cross section o(V];VZ) by the following relation,

do (V,,,)
—armyaraey A dE) (7)

The integration covers all possible momentum and energy transfer from the
incident electron to the target electron in the laboratory frame.

O(V],VZ) =

Since the total cross section is a quantity independent of the reference
frame, it can also be calculated from the differential cross section in the
center of mass frame. The result is,

o(1,0,) =7 (P sine’ 0 o' (8)

where ' is the polar angle of the velocity vector V' in a fixed coordinate
system,

Using Egs. (5) and (6), we obtain the following differential relations:

2
4h"kdk
dp? = gy : (9)
mV-sino sin @' sin (o' - o)
sing'd’' = %%L%El
cm

Substituting these two expressions into Eg. (8) for the total cross
section and comparing the result to Eq. (7), we find that

w¥.%,) o

= (99 8k
d(AYdAEY ~ ‘&’ cm P

sin @ sin o' sinf(p'-p)

3
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This is a general result for the scattering of two electrons with velocities
V], and VZ' If the electrons interact by a Coulomb potential, the differ-

ential cross section in the center of mass frame takes the form

(g - n’e’ (1)
dQ’ cm '—EIEI

Note that this cross section is a function of the momentum transfer Kk only.

In applying the differential cross section [Eq. (10)] to calculate
electron-impact ionization of ions, we assume the target electrons have an
isotropic velocity distribution in the laboratory frame. Then, it is useful
to define an effective differential cross section of the form,

12Y2) oV
o qrweaEr < w | o - amoamey Stredede )

where the angles, o and ¢ are the azimuth and polar angles of the vector
V] in a fixed coordinate system where'V2 is chosen to be the 7-axis. The
effective differential cross section do(V],VZ)/d(Hk)d(AE) depends only
on the magnitude of V] and VZ.

To evaluate the integral, we express the cross section do(V],Vz)/d(uk)d(AE)

as a function of the angle a. From the enerqy transfer relation shown in Eq. (6), we
obtain,

r Vzv]sinz a
sine = T (13)
cm
.2 2
4E E,sin“a + 4 (E,-E,)AE - 4(AE)
2 AR, 2-E;
sing' = 557 (14)
m-v-V
cm

From the momentum transfer relation shown in Ea. (5), we obtain,

2
(1 - Zéhk% - c0S © cos ')
cos (p=o') = msfx 0 sin O ) (15)
cos O ‘——Zw————— (]6)
cm



(E2 - By - 2AF)

cos @' = . (17)
mevcm

Substituting Egs. (13) - (17) into the expression for dc(V],Vz)/d(uk)d(AE),

we find,
AN du(V];VZ) = 2 /2 e (18)
1720 4(p)daE) Kok (a cos? 172
cos“a+b cosa+c)
where
2
(Kk) EZE]
3= - ——
vEE 4
b = 2L ((aE) - (k)3
4m
(E,+E.) 4 ¢
¢ = - —F 1e)® « Ly U roeggy v a8 (8]
m

Using the variable x = cos a, we reduce Eg. (12) for the effective
cross section to the form,

do(Vy.Vo) yam et dx

2 d(m)daE) RS (xebxec) (19)

)

The limits of integration are,

=
"

AMIN1(1.0, x])

_ = AMAXT(-1.0, x,)

- b -vb"-4ac

x
1

where

o 23
x. = - D *vb -4ac
2 2a



However, it can be shown exactly that Xy < 1 and X, < -1 for any
allowable energy and momentum transfers.

Then, the integral becomes,

A1 X
dx i .= 2ax+b
- _£aXx7 20)
5 77 sin” ( ) (
. (ax“+bx+c) V=-a /02 _aac ‘)
= m
v-a

Therefore, the effective differential cross section becomes,

do(v]’VZ) - 47Tm3e4 (2])
d(KK)AE) Kk K ()"

Vriens9 has applied this differential cross section to calculate the
energy transfer cross section for electron-atom collision. He derived it from
the asymptotic solution of the Schordinger equation for the scattering of two
e1ec't:rons.]O In his paper, he also obtained a general expression for the
differential cross section which includes interference effects. The
derivation presented in this paper uses only classical mechanics and is also
conceptually very simple. Using our derivation we can easily obtain a simple
expression for the effective differential cross section whenever the cross
section in the center of mass frame (do/dQ)Cm depends only on the
magnitude of the momentum transfer. The result is.

} . (22)
Pk )d(AE (Mkz)zk] & ‘cm

do 4mm (do(ﬁk)

Generally if the interaction between electrons is not a coulomb potential, the
differential cross section (do/dgz)Cm will not be a function of Wk only.
However, the cross section (do/dn)cm
always a function of hk only. In the next section, we apply Eq. (22) to study
the plasma screening effect on electron-ion collisions using the cross section
(da/d?)cm evaluated in the Born approximation.

evaluated in the Born approximation is



B. Debye-Huckel Screening

In a plasma the interaction between the incident electron and the target
electron is described in terms of the Debye-Hiickel potential, If we evaluate the
center of mass differential cross section in the Born approximation, then Eq. (22)
for the effective differential cross section becomes,

do(V],Vz) Born

4mm do
d()ABE) (W), F e

4mrm mze4

2 2

LK)+ (k)]

where kp, = 2n/Apy (Ap, = the Debye-Hiickel screening length).

C. Acceleration of Incident Electron

Both Eqs. (21) and (23) were obtained for scatterings of two free
electrons. The effect of the average atomic potential on the incident
electron is so far ignored in calculation. wWe calculate this effect
approximately by assuming that the incident electron with initial energy E2
gains the kinetic energy W before the encounter with the target electron. The
kinetic energy gained by the incident electron is exactly equal to ep(r),
the average atomic field acting on the electron. 1In this approximation, the
effective differential cross sections Eqs. (?1) and (23) become respectively,

Wiy 28 (o0
d(Hk)d(AE) (Epree)ky ()
and
dO(V-I,VZ) - 2n m2e4 (25)
d(AK)d(8E) (Eprep)iq[ )
(i) 2+ (k)



D. Energy Transfer Cross Section

We obtain the cross section per unit energy transfer by integrating the
differential cross section [Eq. (21)] over the momentum transfer allowed by
momentum conservation. For a given energy transfer AE, we have,

(Ak) i = (2m) /2 [(EaE) /2 - )1/ (26)
(W) pay = (2m'/% [(Ey+ a0)V/% 4 6177 (27)
for £, < AE + E4, and,
- 1/2 1/2 1/2
(“k)min - (2m) [(EZ + AE) = E2 ] > (28)
= 1/2 1/2 1/2
(A) g = (2m)/2 [(E, +aE)V/% 4,177, (29)

for Ezi AE + E‘I.

Integrating the differential cross section [Eq. (21)] over the range of
momentum transfer given by Eqs. (26)-(29), we find,

do 4 ( 4 ] (30-a)
- -a
dBE) " E, Y52 3p)°

for £, > AE + E, and

o pt 1, 4(E2-AE)] (EZ-AE]”Z (10-5)
dBE) E "ap)? 300)2 B
for E, < AE + E,.

Both Egs. (28) and (29) have been derived previously by Stab]er.H
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To include the effect of acceleration of the incident electron by the
atomic potential, we assume its energy before the encounter collision is E2
+ ep(r), where ep(r) is the local atomic potential. Since the kinetic
energy of the target electrons is always less than ep(r), the relation E2
+ep > AE + E1 is always satisfied for AE < E2. Then, the cross
section per unit energy transfer becomes,

do - ne4 [ 1 + 4E1 ] (31)
d(ae) ~ Eree) “(he)2  3(aE)°
for aE < E,.

In the next section we apply this cross section to calculate
electron-impact ionization of highly stripped ions, To simplify the
calculation we use the atomic potential evaluated in the Thomas-Fermi
approximation.

To investigate the plasma screening effect on the cross section per unit
energy loss we integrate Eq. (23) over the appropriated momentum transfer.
The result can be written as,

1/2
o TTe4 T+ (1 + AE/E])
d(aE) = AEE,F 2
ZVDH A (g /B [ (14 aE/E)) 2
1 -1+ AE/E])]/Z
+
1/2,°
(Egy/Eq) + [1 - (1+aE/E}) /)
172
/ E 2(E,/Eny)
+ 1 tan™! 1__OH (32)
Eon (T+aE7Ep,)

_ 2
where EDH = (MkDH) /2m.

In Fig. 2 we plot do/d(AE) as a function of AE/E] for kDH/kl =

0, 10'2, 10'], 1.0. Note that plasma screening decreases the cross

section substantially whenever the ratio of the Debye-Hiickel screening length
ADH to the orbital radius of the outer bound electron becomes less than ten.
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ITI. ELECTRON COLLISIONAL IONIZATION

In this section we apply the cross section per unit energy transfer to
calculate electron-impact ionization of ions. The basic approximations used
are: (1) the incident electron interacts with only one target electron at a
time, (2) the target electron is assumed to be ionized whenever the energy

transfer is greater than its binding energy, (3! the target electron is
considered as a free electron during the collision.

In our calculation we assume that the target electrons are independent
scattering centers. The assumption is justified if the effective interaction
between the incident electron and the target particles occurs in a relatively
small region as compared to the atomic dimension. This is certainly the case

if the energy transfer to the target electron s large compared to the binding
energy.

Using the binary-encounter collision approximation, the ionization cross
section is given in terms of the energy transfer cross section as:

FAEL olrie) disE) de arrldr (33)

where p(r,e) is the energy distribution of the target electrons at the
radius r and I(r,e) is their local ionization potential. The target
electrons are assumed to have an isotropic velocity distribution.

To simplify the computation, we calculate the energy distribution of the
target electrons using the Thomas-Fermi approximation. This allows us to
compute the total ionization cross section without knowing the energy levels
of the ion. Using the Thomas-Fermi scaling variables, we also obtain a scaled
ionization cross section for any ion in the periodic table.

A.  Thomas-Fermi Approximation

In the Thomas-Fermi approximation the electron energy distribution for an
isolated ion at zero temperature is,

-12-



3/2

3 ,.3 _ (2m) _
p(r.e) de = 2d°p/h” = ——rs /e de
on HZ 3

(34)

for e < u + ep(r). The quantities p and ep(r) are the chemical
potential and the electrostatic potential of the ion. In our calculation, we
also let ep(r) be the atomic potential acting on the incident electron.

The electrostatic potential is obtained from the solution of the
following equations:

v%(r) = tren(r) (35)
3/2 3/?
n(r) == (29 rep(r)
3n A

with boundary conditions:

ep(r) ~ Ze2/r as r> 0

2
*
ep(r) = Zre r>r ,

where Z* is the jonizaton state of the ion. The quantity o is defined to
be the radius of the ion at which n(ro) = 0. The chemical potential p is
equal to —Z*ez/ro.

In our calculation we determine the ion radius for a given ionization
state using the numerical result in Ref. 12. Then, we integrate Eg. (35)

inward to obtain the electrostatic potential, ep(r).

B. Ionization Cross Section

Using the electron energy distribution function p(r,e) calculated in
the Thomas-Fermi approximation, we obtain the total ionization cross section
as,
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3/2 I"O e(p-i-'u E
2m) 2 - do (e,E)
o(E) = 4n ———?7-( i orfar s vetde 5 et dlaE) (36)
n M ’ 0 Emin ep-~¢ A

where e .= AMAXI(0, e - E). The term (ep(r) - ) is the
ionization energy for a group of electrons with kinetic erergy e at the
radius r. Note that for the electrons inside the radius "m which em(rm) = E,

only these electrons with kinetic energy ep - E < ¢ < €p + p contribute
to the ionization.

After some tedious algebraic manipulations, we reduce Eq. (36) to a
one-dimensional integral of the form:

3/2 4
o = In é?%);—f lE,_ (1,+1,) (37)
T
where
o 2 3/2 5/2
1, =7 r_dr _2_ (&Pm) - 4 ( +U) (38)
T G KT ﬂﬂ?"
) % ( EUJB/Z
Lo rar 2 () (ep-8)?
ASATREIG ER E
- ]—‘-S‘EZ{(ecpm)f’/z (e0-£)/9) (39)
- =5 (leghu) 2 - (e9-£)%)
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We find it convenient to use the following Thomas-Fermi variables:

1/3

X =17 r/b
Zi—zx(X) =ep(r) +u ,
and
- (§1)2/3 -;~
= (0,885 a, s

where a0 is the Bohr radius. We can then write the total jonization cross

section as,

5 5/2_ 2
4/ ? (b/ao) a,

o(E,2*,Z) =
ZT/B(

F(r /r ,0) (40)
E/21,) mo

where Q = Z*/7 and IH = the ionization potential for hydrogen atom.

The universal function F(rm/ro, Q) is given in terms of the integrals
I] and 12, involving the Thomas-Fermi potential and the cross section per
unit energy transfer for binary-encounter collision. For a given ionization
state, we have evaluated the function F numerically for different values of
rm/ro. Results are plotted in Fig. 3. This figure summarizes the

jonization cross sections for several thousand ions.

C. Ionization Rate Coefficient

The ionization rate coefficient is obtained by integrating the cross
section over the electron distribution function. For a Maxwellian
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electron distribution, the ionization rate coefficient takes the following
form,

® V2E 2 JE -E/kT
R(Z,7*,kT) = [ o(E,z,7*) Y& £ e dE (41)
1(Q) T/ (kT) 372

where I1(Q) = Z*e2/rO is the ionization potential of the ijon.
Substituting Eq. (40) for the cross section into Eq. (41) we have,

1672 (b/a)>'%a % 2, V7 1p

H H 6(Q,kT)
R ( ) (— ) —2== (42)

where kT = kT/(2*/3e?/b). The function 6(Q,KT) is given by,

G - Yo x{(¥y) . 0 G

G(Q,kT) = é Fly/¥5»Q) exp - ( Y A )/
x(yy) X' (¥g)
X 2 T y d¥y,
Yo m

zl/ 1/3

= 71/3 -
where Yo = rO/b and Yo = z rm/b.

The ionization rate coefficient given by Eq. (42) scales with the nuclear

1 4/3e2

charge as 7~ if the temperature is scaled as k}/(Z

/b). The numerical

results for the function G(Q,k}) are plotted in Fig. 4.

0. Comparison with Other Calculations

To test our method, we compare our results to other theoretical
calculations. In Figs. 5 and 6 we plot our cross sections for nickel and gold
ions together with the Born cross sections computed by E. J. McGuire.6 In
his calculation both the jonization energy and wavefunction were obtained from
the solution of the Schridinger equation using Herman-Skillman potential. The
comparison shows that our results are within a factor of two of the Born
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approximation. However, our calculation is much simplier and does not require
knowing the sub-shell binding energies of the ion. The results are expressed
in terms of a function which scaled with Q (Q = Z*/Z) and can be used to
calculate ionization cross sections for any ion.

Also plotted in Figs. 5 and 6 are cross sections computed using
semi-empirical formula of Golden and Sampson for hydrogenic ions.2 The
ionization energies used were obtained from the screened hydrogenic
mode].]3 In this model the energy levels which depend only on the principal
guantum number n are computed using Screening constants.]3 The comparison
shows that the hydrogenic approximation significantly underestimates the cross
section at very high energy, E = 10 keV. This 1s due to the neglect of
sub-shell splittings in the hydrogenic model. For heavy ions such as nickel
and gold, the sub-shell splitting energies are ‘arge.

Fig. 7 shows the ionization cross section of Na-like Ar ion as a function
of energy. Also shown are the cross sections calculated in a distorted-wave
Born exchange approximation.7 In these calculations the electron
distorted-wave function was generated using a local energy-dependent potential
which includes the direct term of the frozen-core Hartree-Fock and a
semi-classical exchange term. C(ross sections for 3s ijonization only are
represented by the dashed curve. Above the inner-shell jonization threshold,
the figure shows that inner shell ionization can be a factor of four larger
than the 3s ionization. The comparison also shows that our results, which
include inner shell ionization, agree within 50% with the distorted-wave
calculation.

In Fig. 8 we compare our rate coefficients for ionization of Na-like Ar
to a distorted-wave Born exchange calculation. The comparison shows that our
results agree reasonably well with the distorted-wave approximation.

E. Secondary Electron Energy Distribution

In many applications of the Boltzmann equation to simulate non-Maxwellian
electron distribution in plasmas, one needs to know the energy distribution of
the secondary electrons produced by electron-impact ionization of ions. The
Boltzmann collisional integral describing the ionization process is usually
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expressed in terms of the differential ionization cross section do/dcs,
where € is the kinetic energy of the secondary electron.

Using the cross section per unit energy transfer derived in Sec. 11D, we
obtain,

3/2 = ep(r)H
do(E) _ {(2m) do (E,€) — 2
dES = 4y ZHZMT J(.)f —d(—A—E—)—-p(r]E) vede rdr (44)
€min
a

do (E,e) e 1 4 €
where > = L + = ]

d(ak)  (E+ey) (e¢‘€s+€)2 3 (epee e 3
and €min = AMAX(0, e +ep - E). The energy range for the secondary

electron is 0 < e < E + .

Integrating over the variables r and e, we find,

- 5/2 _ 2
A32 g ey Y2 (0/2)7 a

0
b’ deS 2173 (E/ZIH)

4/3_2
Z
JU=—) . (45)

FS(Fm/FO, Q, e

where FS is a universal function given in terms of an integral involving the
cross section per unit energy transfer and the Thomas-Fermi potential.

We have applied Eq. (45) to calculate the secondary electron energy
distribution produced in electron-impact ionization of gold jons. Our results
are shown in Fig. 9. For an incident electron with kinetic energy £ = 1 kev,
an appreciable fraction of secondary electrons are produced with energy
greater than the ionization potential,
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IV. SUMMARY

[n this paper we derive a differential cross section per unit energy and
momentum transfer for binary-encounter collisions. We apply this cross
section to calculate electron-ion impact ionization by assuming: (1) the
incident electron interacts with only one target electron at a time, and (2)
the target electron is ionized whenever the energy transfer is greater than
its binding energy. In our calculation, the bound electron energy
distribution is calculated from a Thomas-Fermi potential. Using the
Thomas-Fermi variable, we express both the ionization cross section and rate
coefficient in a scaled form which can be used for any ion.

We have compared our results to recent Born and distorted-wave Born
exchange calculations for electron-impact ionization of partially stripped
jons. The comparison shows that our results agree within a factor of two with
the best quantum calculation available. However, our calculation is much
simplier than the quantum approximations but yet gives cross sections
sufficiently accurate for many applications.
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FIGURE CAPTIONS

YV and V' are the relative velocities before and after the
collision. ‘ch is the center of mass velocity. V] is the initial
velocity of the target electron.

The differential cross section per unit energy transfer vs. AE/E.
AE = energy transfer and E1 = kinetic energy of the target
electron. kDH = Zn/ADH, XDH = Debye-Hiickel screening length.

the universal function F(rm/ro,Q) used to calculate ionization
cross section [Eq. (40)].

The universal function G(Q,kT) used to calculate ionization rate
coefficient {Eq. (42)].

12+ potted as a function of

Ionization cross section for Ni
incident electron energy. The dashed curve represented the scaled
Born cross section calculated by E. J. McGuire.6 The dotten curve
calculated using the hydrogenic formula of Sampson and Golden.2
The sub-shell splittings of the energy levels were not included.

14+ plotted as a function of

[onization cross section for Au
incident electron energy. The dashed curve represented the scaled
Born cross section calculated by E. J. McGuire.6 The dotted curve
calculated using the hydrogenic formula of Sampson and Golden. The

sub-shell splittings of the energy levels were not included.

[onization cross section for Ar7+ plotted as a function of
incident electron energy. The dashed curves represented cross
sections calculated using the distorted-wave Born exchange
approximation.7
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FIGURE CAPTIONS, Continued

Figure 8 Ionization rate coefficient for Ar7+ plotted as a function of
electron temperature. The dashed curves represented the rate
coefficients calculated using the distorted-wave exchange

approximation.7

Figure 9 Secondary electron energy distributions for incident electron

energies 1 keV and 4 keV.
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